Oxide nanostructures in low dimensions on well-defined metal surfaces form novel hybrid systems with tremendous potential and impact in fundamental research and for the emerging nanotechnologies. In contrast to bulk materials low-dimensional oxide nanostructures not only involve a large number of undercoordinated atoms but their interaction with the metal substrate also provides constraints on their structure and morphology and often yields elastic strain and/or uncompensated charge. These factors modify significantly the physical and chemical properties of the nanophases as compared to bulk oxides. In this review the authors will examine critically the available data with respect to structure-property relationships of metal-supported oxide nanostructures in reduced dimensions. The connection between structure, elastic strain, and charge transfer on the one hand, and electronic and magnetic behavior on the other one, will be discussed. The novel chemical properties of the oxide-metal nanostructure systems will provide another focus of this review.
I. INTRODUCTION
In the present age of the emerging nanotechnologies oxide materials in small and low dimensions are attracting tremendous interest due to promising applications in a variety of diverse areas of technology, including novel electronic and magnetic devices, chemical sensors, functional coating systems, or the field of nanocatalysis. [1] [2] [3] [4] [5] The development in the controlled fabrication of ultrathin layers of oxides and of oxide nano-objects has been stimulated by the growing demand for novel materials in these technologies, which in turn have opened up new perspectives for fundamental research. It was soon recognized that the properties of oxides in nanometer scale dimensions may be drastically different as compared to those of their bulk counterparts. Nanostructures, in general, require a suitable support for their stabilization, and metal surfaces as substrates for oxide nanosystems provide particular attractions: They are easily prepared with atomic level control and they feature a number of technical advantages for microscopic and spectroscopic characterization of physical and chemical properties. The role of the substrate surface, however, can go far beyond that of the provision of a passive support: It often involves an active participation in the stabilization of novel structures and stoichiometries of nanophases via elastic and electronic interface couplings. By the appropriate choice of the metal substrate surface and the oxide material, with the amount of the deposited oxide as an adjustable parameter, new classes of hybrid systems with tunable physical and chemical properties may be created. The hybrid character of these systems is based, on the one hand, on the elastic coupling via epitaxial strain, 6 and on the other hand, on the electronic communication between metal support and oxide overlayer. With respect to the latter, the thickness of the oxide layer may serve as a parameter to tune the electronic properties and the charge state of the outer surface atoms, which open up new opportunities in nanocatalysis. 7 Image potential screening of oxide charge fluctuations in the metal support in conjunction with interfacial hybridization effects add other physical dimensions to the hybrid character of these metal-oxide nanostructures. 8 In this article, we discuss physical and chemical aspects of binary oxide nanostructures deposited on different metal surfaces, as seen through the perspective of the so-called surface science approach. The latter involves in situ ultrahigh vacuum fabrication and characterization with control at the atomic level. We will highlight the effects at nanometer scale dimensions and of low dimensionality, where spatial confinement and interface proximity conspire to create novel structures and phenomena. We will begin the discussion by briefly mentioning the most common methods of oxide nanostructure preparation, and will then present in the form of selected systems prototypical examples that illustrate the peculiar structural, electronic, elastic, and chemical aspects of metalsupported oxide nanostructures. Some of these systems are actually on the verge of technological applications, such as ultrathin MgO and ZnO layers on Ag surfaces, discussed in Sec. IV, or CeO 2 nanoparticles on Au, mentioned in Sec. VI.
II. EXPERIMENTAL ASPECTS: PREPARATION PROCEDURES
The study of low-dimensional oxide nanostructures within a surface science perspective requires preparation in situ una͒ Electronic mail: falko.netzer@uni-graz.at der highly controlled conditions. Two different preparation methods are usually employed, both involving physical vapor deposition ͑PVD͒ of metal atoms onto a dissimilar single crystal metal substrate. In the so-called reactive evaporation ͑RE͒ method, the deposition is performed in a background pressure of oxygen. Conversely, in the postoxidation ͑PO͒ method the metal atoms are first deposited in UHV onto the metal substrate and subsequently oxidized. The choice of the preferred method depends on the specific system under investigation; here, factors such as the rate of oxygen dissociation on the metal template, oxidation reactions at the substrate surface, and diffusion processes into the bulk need to be taken into account. For example, in the case of lowdimensional oxide systems exhibiting a complex phase diagram, where coexistence of different phases occurs, the selection of one rather than the other approach may be crucial in the effort to obtain atomically smooth surfaces and to drive the assembly of the overlayer into a single phase. 9 In the vast majority of cases molecular oxygen is employed as the oxidizing agent in both the RE and PO methods, and the oxygen content in the oxide system is controlled by the oxygen pressure and an elevated substrate temperature applied during the growth. Typically, the reactivity of metals such as Ni, Al, or Mg is sufficient to ensure formation of fully oxidized films by use of molecular oxygen in a high vacuum environment ͑10 −8 mbarՅ p Յ 10 −6 mbar͒. However, this is not always the case, and particularly, for transition metals which may adopt more than one oxidation state alternative approaches are increasingly followed, in which activated oxygen is supplied during the growth. This can be accomplished by using an electron cyclotron resonance oxygen plasma source, [10] [11] [12] [13] gaseous NO 2 , 10, 14 or ozone O 3 . 12,14 A commercial thermal cracker can be also used as a source of atomic oxygen. 15, 16 Since the O 2 dissociation step is often rate limiting, the atomic oxygen assisted deposition may facilitate the reaction between individual metal and O atoms before metal cluster formation occurs. In this way a higher degree of order and a better control on the stoichiometry and morphology of the oxide/metal interface can be achieved, as recently demonstrated for the monolayer of NiO on Ag͑001͒. 16 A further alternative is provided by the use of a dedicated high-pressure cell, such as that employed by Guimond et al. 17 to create flat, ͑001͒-oriented films of vanadium pentoxide V 2 O 5 , by using O 2 pressures up to 50 mbar.
A variant of the traditional PO approach was reported by Matsumoto et al. 18 for the growth on a Pt͑100͒ surface of a titanium oxide ͑3 ϫ 5͒ structure, identified as a Ti 2 O 3 monolayer. Here, an ordered Pt 3 Ti surface alloy with c͑2 ϫ 2͒ structure was formed prior to the oxidation step with ozone. A similar procedure, but using molecular oxygen, was previously adopted by Knight et al. 19 to grow epitaxial manganese oxide by oxidation of the Cu͑100͒c͑2 ϫ 2͒ u Mn substitutional surface alloy.
Finally, an original approach that is worth mentioning was developed by Niehus et al. 20, 21 They noted that the evaporation of V metal onto metal surfaces ͑Au, Cu, or Cu 3 Au͒ gives rise to massive surface alloying, and that both the PO and RE approaches thus lead to rough vanadia films with poor order. In contrast, they observed that when a Cu 3 Au͑100͒ alloy surface is used as a substrate, very well-ordered twodimensional oxide overlayers can be prepared provided that the surface is pre-exposed to oxygen prior to V dosing and sequential annealing. In this case, the smooth Cu 3 Au͑100͒ u O surface not only prevents intermixing between evaporated metal atoms and substrate but importantly, it also acts as a reservoir of subsurface oxygen atoms stored near the surface. The latter can be released in a controlled fashion by thermal treatment, promoting homogeneous oxidation of the metal deposit. This preparation recipe has been also successfully applied for growing atomically flat NbO x and MoO x overlayers. 22 Although the examples reported in this review mainly concern oxide nanostructures prepared by PVD, different growth methods are possible, as for example, the pulsed laser deposition ͑PLD͒ method. 23 The latter is routinely used to prepare epitaxial multicomponent films of complex functional oxides ͑as cuprates, manganites, and ferroelectric oxides͒, but UHV PLD also finds applications in the field of single-metal oxides. 24, 25 A further method developed recently is reactive-layer assisted deposition in which a multilayer of the nonmetallic reactant is first condensed on a support and the second reactant ͑metal͒ is then physical vapor deposited onto this layer. TiO 2 nanoparticles and MgO nanolayers on Au have been prepared recently by this technique. 26, 27 
III. STRUCTURE ASPECTS
The knowledge of the structure parameters of any material is of prime importance since it affects a wide range of physical and chemical properties. Whereas the structure of bulk oxide crystals is to a large extent well established, there is still a lack of understanding of the structural characteristics of oxide phases in nanometer dimensions. A large body of evidence obtained over the past 10 years has established that oxide nanolayers supported on metal surfaces are not merely thin analogs of the bulk phases but these constitute a new class of artificial materials, with structures that have no correspondence in nature. Here, we show representative examples of various oxide-on-metal systems, which illustrate the structural complexity and building principles of oxide nanolayers, and highlight the active role of the oxide/metal interface in supporting a given oxide structure.
A. Complex oxide structures: manganese oxides on
Pd"100… and titania on Pt"111… surfaces Bulk manganese oxide compounds exhibit a rich variety of crystalline structures and stoichiometries due to the availability of different Mn oxidation states, ranging between 2 + and 4+ in the solid state. This structural richness increases dramatically for metal-supported oxide nanolayers, as demonstrated by recent work on the Mn-oxide/Pd͑100͒ system. 9, 28, 29 Below 1 ML ͑monolayer͒ a complex phase diagram ͑Fig. 1͒ has been observed in scanning tunnel microscope ͑STM͒ and low-energy electron diffraction ͑LEED͒, which is composed of nine different two-dimensional interface-stabilized phases. 9, 28 Under oxygen-rich conditions ͑−1.35 eVϽ O Ͻ −1.10 eV, O being the oxygen chemical potential͒ two hexagonal phases ͑HEX-I and HEX-II͒ are obtained. At intermediate oxidation pressures ͑−1.45 eV Ͻ O Ͻ −1.35 eV͒ a c͑4 ϫ 2͒ structure, a stripe phase, and two structures called chevrons ͑CHEV-I and CHEV-II͒ are stabilized. In the oxygen-poorer limit ͑−1.65 eVϽ O Ͻ −1.45 eV͒ two reduced phases with complex structures, termed waves and labyrinth, form, followed by a third hexagonal phase ͑HEX-III͒ at the most reducing conditions. On the basis of high resolution electron energy loss spectroscopy data this multitude of Mn-oxide phases has been classified into two distinct regimes, characterized by different Mnu O building blocks: the O-rich regime, comprising the HEX-I and HEX-II phases and characterized by a dominant phonon loss at 70 meV, and the O-poor regime, encompassing all other phases, which display a single phonon loss at 44 meV. The O-rich phases have been rationalized in density functional theory ͑DFT͒ calculations in terms of MnO͑111͒-like O u Mnu O trilayers, whereas the O-poor phases could all be traced back to MnO͑100͒-like monolayer structures. 28 The high degree of structural flexibility of these two basic models is favored by the formation of regular arrays of vacancies, in line with previous investigations on related systems. 30, 31 It has been argued that these interface-stabilized nanolayers mediate the epitaxial growth of bulk-type Mn-oxide phases, such as MnO ͑Ref. 32͒ and Mn 3 O 4 , 33 by providing structurally graded interfaces.
The titanium-oxygen bulk phase diagram is similarly very rich, with many stable phases and a variety of structures, as a consequence of the ease of formation of defects, such as O vacancies or Ti interstitials. 34 Ultrathin Ti-oxide films have been grown on various metal ͑Pt, Mo, Ni, and Ru͒ surfaces, but for the purpose of this review we will limit our discussion to the Ti-oxide/Pt͑111͒ system, which has been investigated in great detail by Sedona and co-workers. [35] [36] [37] [38] [39] These researchers evaporated Ti reactively onto a clean Pt͑111͒ surface, kept at room temperature, in an oxygen pressure of 1 ϫ 10 −6 mbar. By varying the latter in a postoxidation step between UHV and 1 ϫ 10 −6 mbar they observed in LEED and STM five different oxide structures in the coverage range up to 1.2 ML, as summarized in the phase diagram of Fig. 2 . At low Ti coverage ͑0.4 ML͒ and after annealing to 670 K in 10 −7 mbar O 2 a hexagonal overlayer with a lattice constant of 6 Å has been obtained, which is incommensurate with the Pt͑111͒ substrate. For this kagomé-phase, labeled k, the authors have tentatively proposed a structure model with a formal Ti 2 O 3 stoichiometry, where the Ti and O ions are arranged in a honeycomb lattice, identical to that of surface-V 2 O 3 layers on Pd͑111͒. 40, 41 Striking similarities to the structure of V-oxide overlayers on Pd͑111͒ ͑Ref. 42͒ and Rh͑111͒ ͑Refs. 43 and 44͒ surfaces have been also recognized for Ti-oxide phases with "zig-zag-like" and "wagonwheel-like" appearances in the STM images. 35 More recent work of the same group, combined with DFT calculations, 37, 38 has yielded structural models for the "zigzag" TiO x phases in terms of layers with Ptu Tiu O stacking and stoichiometries varying between TiO 1.33 ͑z͒ and TiO 1.25 ͑zЈ͒. The most reduced TiO x phases on Pt͑111͒ comprise the commensurate "wagon-wheel" structures, labeled w ͑corresponding to the hexagonal ͑ͱ43ϫ ͱ 43͒R7.6°super-structure, reported initially by Boffa et al. 45 ͒ and wЈ ͓with a ͑7 ϫ 7͒R21.8°periodicity͔, which have been interpreted as TiO͑111͒ bilayers due to their characteristic contrast in the STM images, in close similarity to bilayers of FeO͑111͒ on Pt͑111͒ ͑Ref. 46͒ and VO͑111͒ on Rh͑111͒ ͑Ref. 43͒ surfaces. A common feature of all TiO x phases on Pt͑111͒ is that Ti atoms are located at the oxide/metal interface, which has been attributed to the strong tendency of alloying between Ti and Pt. 39 The O atoms sit always in the outer terminating layer and create pseudoepitaxial regions alternating with regions containing Ti vacancies, thus solving the crowding problem caused by the lattice mismatch between the TiO x film and the Pt͑111͒ surface.
B. Role of the metal support
The effect of the metal substrate on the morphology and structure of the oxide layer encompasses several factors: the matching between the metal and oxide lattices and the resulting interfacial strain energy, the surface free energies of the substrate and oxide film materials, the tendency of exchange of metal atoms through the oxide/metal interface ͑alloying͒, or the reactivity of the metal surface toward oxygen. Which of these factors is dominant depends on the specific combination of the metal and oxide components and needs to be considered individually. The examples discussed below cannot be thus taken as representative for all kinds of oxide-onmetal systems, but they should give insight into the growth behavior and structure of oxide nanolayers deposited on dissimilar metal substrates.
Cobalt oxide nanolayers on Ag"100… and Ir"100… surfaces
The Ag͑100͒ surface ͑with a lattice constant of 2.89 Å͒ has been considered as a suitable substrate for the epitaxial growth of CoO͑100͒-oriented films with the rocksalt structure ͑surface lattice constant of 3.01 Å͒ due to the moderately small lattice mismatch of ϳ4%. [47] [48] [49] [50] In fact, ordered CoO͑100͒ films have been grown by reactive evaporation of Co in oxygen atmosphere onto Ag͑100͒ at a substrate temperature of 470 K. 47 However, more detailed STM investigations [48] [49] [50] have revealed that the film morphology is not particularly smooth and homogeneous due to the coexistence of single-and double-layer CoO͑100͒ islands, the latter partially embedded into the Ag͑100͒ surface layer. In addition, small CoO͑111͒-like islands, also with single-and double-layer heights, have been observed at higher oxygen pressures. 48, 49 Most likely, the generation of well-ordered and homogeneous CoO films on Ag͑100͒ is hindered by the low mobility of Co and O species at low temperatures, and by their limited surface stability at elevated temperatures due to their preferable incorporation into the Ag substrate.
A quite different picture is obtained for Co-oxide nanolayers deposited on an Ir͑100͒-͑1 ϫ 1͒ surface. [51] [52] [53] [54] [55] The Ir͑100͒ lattice parameter ͑2.72 Å͒ differs substantially from those of the different native cobalt oxides so that no pseudomorphic ͑100͒-oriented Co-oxide growth can be expected. Instead, several well-ordered hexagonal ͑or quasihexagonal͒ CoO͑111͒ and Co 3 O 4 ͑111͒ phases have been observed by STM and LEED, 51 which at first glance may look surprising due to the inherent polar instability of these surfaces. At oxide coverages of 1 and 2 ML, wetting layers with a c͑10 ϫ 2͒ coincidence structure form, which results from the accommodation of quasihexagonal oxide layers onto the square Ir͑100͒ lattice. The two vectors of the quasihexagonal mesh have lengths of 3.02 and 3.11 Å, i.e., expanded with respect to the ideal length ͑3.01 Å͒ of the CoO͑111͒ unit cell by only 0.3% and 3.3%, respectively, which justifies the preference for the formation of CoO͑111͒-like layers over the highly strained ͑ϳ11%͒ CoO͑100͒ ones. In passing, we note that for increasing oxide thickness ͑Ͼ20 Å͒ nondistorted ͑relaxed͒ CoO͑111͒ films form, which are terminated by a wurtzitetype stacking, in contrast to the rocksalt type stacking in native CoO͑111͒ crystals; 52 the latter is a clear manifestation of the fact that oxide films of nanosized thickness cannot be understood as bulklike phases. It has been argued that this structural rearrangement results in a metallic surface, which may provide a polarity compensation of these films.
The higher affinity toward oxygen of the Ir͑100͒ surface with respect to Ag͑100͒ allows also the formation of spineltype Co 3 O 4 layers under more oxygen-rich preparation conditions. 51, 53 At submonolayer oxide thickness a ͑3 ϫ 3͒ superstructure has been observed in STM and LEED, which has been interpreted as a Co 3 O 4 ͑100͒-like layer, expanded by only 0.8%. 51 Despite this good matching the ͑100͒ orientation is not maintained on further oxide growth, but instead is replaced by the energetically more favorable ͑111͒ surface of the spinel Co 3 O 4 structure. 53 
Vanadium oxide nanolayers on Rh"111… and Pd"111… surfaces
The structure of ultrathin vanadium oxide films deposited on Rh͑111͒ and Pd͑111͒ surfaces has been investigated in a series of papers of our group. [40] [41] [42] [43] [44] 56, 57 Here, we would like to highlight the effect of the metal support in determining the oxide structure with two examples ͑another example is discussed in relation to the strain in Sec. V͒, selected from the complex surface phase diagrams of these two systems. Under highly oxidative conditions two different oxide structures have been detected by STM in the submonolayer coverage range: a ͑ͱ7 ϫ ͱ 7͒R19.1°structure on Rh͑111͒ ͑Ref. 43͒ ͓Fig. 3͑a͔͒ and a ͑4 ϫ 4͒ structure on Pd͑111͒ ͑Refs. 56 and 57͒ ͓Fig. 3͑b͔͒. The DFT-derived models are detailed in Figs. 3͑c͒ and 3͑d͒, and correspond to formal stoichiometries of V 3 O 9 and V 5 O 14 , respectively, i.e., the ͑4 ϫ 4͒ structure on Pd͑111͒ contains somewhat less oxygen than the ͱ7 phase on Rh͑111͒. The ͑4 ϫ 4͒ network is constructed from tetrahedral V u O building units, which share alternatively one and two oxygen atoms with the Pd͑111͒ surface. The ͱ7 structure is assembled of O 4 V v O tetragonal pyramids which are bonded to the Rh surface via their four basal oxygen atoms. Given the small difference of 2.2% in the surface lattice constants between Rh͑111͒ and Pd͑111͒ ͑a Rh = 2.69 Å and a Pd = 2.75 Å͒, it has been suggested that the higher affinity of Rh toward oxygen is at the root of the structural differences in these two highly oxidized V-oxide nanolayers on the two metal substrates. 58 At the oxygen-poor extreme of the phase diagrams of the V-oxide/Pd͑111͒ and V-oxide/Rh͑111͒ systems two hexagonal phases form, which were designated as wagon-wheel structures due their characteristic STM Moiré patterns, with periodicities of ͑ͱ63ϫ ͱ 63͒R19.1°and ͑7 ϫ 7͒R21°͓see Fig.  3͑e͔͒ , respectively. 40, 43 Both phases exhibit the same surface lattice parameter of 3.1 Å, and have been ascribed to an oxygen-terminated VO͑111͒ bilayer ͓Fig. 3͑f͔͒, as suggested by the DFT calculations. 43 Note that the VO͑111͒ bilayer is laterally expanded with respect to the bulk VO͑111͒ lattice constant of 2.87 Å. This is somewhat surprising since the bulk value would better match both the Pd͑111͒ and Rh͑111͒ lattices. Similar expansion has been also reported for FeO͑111͒ bilayers on Pt͑111͒ and has been attributed to the reduction in the interlayer spacing between the Fe and O atoms in the FeO bilayer, 46, 59 which is driven by the minimization of the electrostatic energy and the total dipole moment. As it will be discussed below ͑see Sec. VI͒, the structure of the VO͑111͒ film appears to be quite insensitive to that of the metal support, which suggests that such polar bilayers derive their stability from the improved electrostatics and their extremely low surface energy rather than from the interaction at the oxide/metal interface.
IV. ELECTRONIC ASPECTS
The electronic properties of oxide nanolayers are to a large extent determined by the geometry and the interactions at the oxide/metal interface. The nature of the oxide/metal interface provides the key parameters such as the chemical interface bonding, the interlayer distance, and the elastic strain fields, which influence the global electronic behavior of the total oxide-metal hybrid system. Many of the unique properties of these ultrathin oxide films are caused by the electronic communication between the metal support and the oxide overlayer, leading to charge transfer between metal and oxide and possibly across the oxide layer to the outer oxide surface. An important ingredient for the charge transfer is the work function of the metal and of the combined oxidemetal system: The latter differs typically from the work function of the pure metal. 60 The measurement of the work function of oxide materials is not an easy task, and only a few scattered experimental studies on the change in a metal work function upon deposition of a dielectric overlayer have been reported previously in literature. [61] [62] [63] [64] [65] However, Pacchioni and co-workers 60, [66] [67] [68] recently drew the attention of the oxide community to the work function problem in a series of theoretical papers. Pacchioni and co-workers showed that the work function of the combined oxide-metal system plays a fundamental role for many aspects of the physics and chemistry of oxide nanolayers on metals, as discussed below. In this section, we will primarily address two topics concerning the electronic peculiarities of oxide nanolayers on metals: The first one concerns the evolution of the work function of the growing oxide layer and the associated charge transfer between the metal and the oxide phase. The second topic is devoted to a particular class of oxide structures that possess inherent dipole moments perpendicular to the oxide layers such that the films have a nonzero polarity; these are the so-called polar oxide layers and their stabilization mechanism in oxide nanostructures will be examined.
A. Work function and charge transfer in metal-oxide nanostructures
The work function of a solid is determined by two quantities, the electrochemical potential of the material and the dipole layer of the respective surface. The latter is due to the spilling out of electronic charge beyond the surface plane of the ion cores into the vacuum region. 69 For adsorption on a surface or during the formation of an overlayer, the change in the work function of the substrate ⌬⌽, in the absence of the formation of a new compound, is usually associated with a change in the surface dipole ⌬. The latter may be due to ͑i͒ charge transfer as a result of chemical bonding between substrate and overlayer atoms, ͑ii͒ an electrostatic polarization effect, or ͑iii͒ a polar termination of the overlayer surface ͑this will be discussed in the second part of this section͒. Prada et al. 68 identified two different kinds of oxide overlayers, which may be roughly classified into "ionic oxides" ͑e.g., MgO͒, characterized by weak Van der Waals-type oxide-substrate interactions, and "more covalent oxides" ͑e.g., SiO 2 or TiO 2 ͒, which form local chemical bonds often associated with charge transfer. While the rationalization of the charge transfer effect as a result of chemical bonding is straightforward, the electrostatic polarization effect in weakly interacting systems is more interesting: The oxide overlayer formed exerts a charge compression effect, reducing the overspill electron density at the metal surface and thereby changing the surface dipole. Figure 4 , adapted from Ref. 68 , gives a schematic representation of the two contributions to the change of the work function as a result of the deposition of an oxide overlayer on a metal surface: The charge transfer at the interface and the compressive electrostatic effect both lead to a modification of the surface dipole and thus of the work function. The interface distance d ͑Fig. 4͒, defined as the separation between the metal surface atoms and the closest oxide layer atoms, is an important parameter for the magnitude of the charge compression and thus of ⌬⌽. In general, charge transfer dominates ⌬⌽ for covalently interacting overlayer systems and electrostatic compression is important for highly ionic films, but additive or canceling effects are also possible in intermediate cases.
Prada et al. 68 formulated a general expression of the work function change as the sum of three major terms,
with CT and comp representing charge transfer and compression, respectively, while SR is a geometry term taking into account structural relaxation at the interface. The latter term also influences the interface distance d, which is primarily related to the interface interaction, i.e., the adhesion strength between the metal and the oxide. In an attempt to derive a simple correlation between ⌬⌽ and the intrinsic properties of the two separate components of the interface, the group of Pacchioni 68 proposed a quantity
where E F and E VB are the Fermi level and the top of the valence band ͑VB͒ of the metal and oxide, respectively, before the formation of the interface. Note that both charge transfer and interface distance ͑and the related compression term͒ depend on the adhesion strength, which in turn depends on the hybridization between metal and oxide states. The latter scales with the distance between the filled states of the oxide, as given by the top of the valence band, and the empty states of the metal, as indicated by the position of the Fermi level. In a graph of ⌬E versus ⌬⌽ for a number of dielectric-metal systems ͑Fig. 5͒ a clear trend is observed, with the largest ⌬⌽ among the systems studied obtained for BaO, where ⌬E is negative ͑E VB above E F ͒. For this system the strong chemical bonding at the interface is dominated by the charge transfer and the interface distance is short, resulting in a strong lowering of the work function. On the other hand, the ionic insulators such as LiF, with E VB much deeper than E F , support only weak interactions with no charge transfer and a large interface distance; a small ⌬⌽ is thus obtained caused by compression effects. 68 An interesting question concerns the dependence of the work function on the number of layers in the oxide film. For NaCl on Ag͑100͒ no such dependence was found, a work function reduction of 1.3 eV was established after 1 ML coverage, staying constant for additional NaCl layers. 64 This is in accord with the theoretical expectation for NaCl and MgO layers. 60, 68 However, ⌬⌽ in these highly ionic dielectrics is largely determined by the compression effect and the layer independence may not be true for more covalent systems where the charge transfer is effective. For example, for TiO 2 on Mo͑100͒ the work function has been calculated to increase with layer thickness. 60 Indeed, the electronic structure of the first oxide layer on a metal surface is most likely to be different from that of the subsequent layers or of the corresponding bulk oxide material as a result of interface bonding, different coordination numbers, and possibly a different geometrical arrangement. The evolution of the work function and of the electronic structure of ultrathin oxide films during the first few oxide monolayers is of particular interest because charge transferred from the metal across the oxide layer may lead to the charging of adspecies at the outer oxide surface, 7, 70, 71 causing novel chemical reactivity and catalytic behavior. 5 Experimental layer-resolved measurements of the electronic structure in oxide films are however sparse. Some UV photoemission measurements of oxide thin films as a function of the oxide layer thickness have been reported in literature, 44, 72 but the evolution of the work function as a function of overlayer thickness and the detailed changes in electronic structure, from the first monolayer up to subsequent layers until the bulk limit is reached, have not been examined in these studies. Very recently, König et al. 73 reported experimental measurements of the work function shift of Ag͑001͒ induced by 1, 3, and 8 ML of MgO. They found that the work function changes only moderately between the first and the third layers and that essentially no variations in the metal work function occur when going from 3 to 8 ML MgO, indicating that the work function shift is established essentially within the first oxide layer and is dominated by the MgO/Ag interface, as predicted by theory. 60 For the growth of transition metal oxides ͑which belong to the class of "more covalent" oxides͒ on, e.g., group VIII metal surfaces, an additional complication is that the oxide structure ͑stoichiometry͒ may change as a function of layer thickness within the first few monolayers 44 and different oxide phases then contribute to the overall electronic behavior.
The lattice mismatch between a thin oxide overlayer and the metal support results in a modulation of the surface potential and the local work function, as demonstrated for a FeO͑111͒ monolayer on Pt͑111͒. 74 As a result of the substrate-overlayer lattice mismatch the interface properties are different in different regions of a Moiré supercell, leading to a modulation of the structural and electronic properties of the film. Concomitantly, changes in the local work function have been observed because of the local changes in the interface geometry, i.e., different positions of the atoms in the oxide overlayer with respect to the Pt substrate atoms. The Moiré superlattice formed on FeO/Pt and the associated surface potential modulations have been shown to induce the self-organization of Au adatoms into a well-ordered hexagonal array, thus opening up the possibility to fabricate welldefined superstructures of metal clusters on oxide surfaces.
75

B. Polar oxide nanolayers
Polar oxide layers are characterized by structural arrangements, where each repeat unit bears a nonzero dipole moment in the direction perpendicular to the layers. In bulk oxide samples this results in an electrostatic instability of the system due to the presence of a macroscopic dipole that increases with sample thickness, and as a consequence a diverging surface energy is obtained. 76 Since the introduction of the polar surface concept in ionic solids by Tasker, 76 polar oxide surfaces provided a rich playground for experimental and theoretical research. 77 In oxide nanostructures, which are often terminated by formally charged or polar surface arrangements, the problem of the diverging surface energy raises two further questions: ͑i͒ What is the role of the substrate in the stabilization of the nano-objects? ͑ii͒ How are the effects of the electrostatic interactions modified when going from the macroscale down to the nanoscale? The mechanisms for canceling the polarity catastrophe ͑i.e., the diverging surface energy͒ on bulk-terminating polar surfaces may cum grano salis be separated into two categories: ͑i͒ deep modifications of the surface electronic structure by filling up surface states, leading sometimes to surface metallization; ͑ii͒ stoichiometry changes in the surface region, which may be achieved by faceting, surface reconstruction, or the adsorption of charged species. On nanostructures, additional stabilization mechanisms are possible, such as electrostatic screening by the metallic substrate, large-scale relaxations leading to a reduction in the polarity of the structural motifs, or the actual ground state of the polar nanostructure may be different from the corresponding system at larger sizes. The recent progress in the polarity concepts of oxide surfaces and nanostructures including many experimental results have been reviewed in a comprehensive article by Goniakowski et al. 78 Here we wish to highlight only a few paradigmatic examples, which we consider as benchmarks for the present state of the topic.
The ͑111͒ oriented faces of the rocksalt structure MO-type monoxides ͑M = Mg, Ni, Co, etc.͒ provide prototypical examples of polar surfaces, where different structures and reconstructions have been reported on bulk-terminating surfaces, depending on the thermodynamic conditions used during surface preparation ͑see, Refs. 79-81 and references cited therein͒. For example, the p͑2 ϫ 2͒ reconstructions observed on MgO͑111͒ and NiO͑111͒ surfaces have been described by a mixture of distinct configurations with oxygenterminated octopole 82 and epitaxial metal layers, 83 the mixture containing variable proportions as a function of the chemical potential of oxygen. 81 For NiO͑111͒ p͑2 ϫ 2͒, previous grazing-incidence x-ray diffraction measurements have shown differences between a bulk-terminating NiO single crystal surface and a NiO surface of a 5 ML thick nanolayer on Au͑111͒: 84 These were originally discussed in terms of octopolar reconstructions 82 with a single Ni termination in the case of the single crystal surface, and a mixture of both Ni and O terminations for the nanolayer surface. In view of the more recent results mentioned above, 79, 83 the latter data obtained on the NiO͑111͒ nanolayer on the Au͑111͒ surface 84 have presumably to be reinterpreted, perhaps in terms of a mixture of O-terminated octopolar and hexagonal metalterminated surface structures. 83 An unreconstructed polar MgO͑111͒͑1 ϫ 1͒ film surface has been grown recently in a layer-by-layer fashion on Ag͑111͒ by Kiguchi et al.; 85 from electron energy loss spectroscopy experiments it was concluded that the MgO͑111͒ nanolayer supports a metallic surface. Stimulated by these experimental results, Goniakowski et al. 86 studied theoretically the stability of the Ag͑111͒-supported MgO͑111͒ nanolayers. They predicted a novel microscopic stabilization of polar oxide orientations based on a strong modification of the structural phase diagram as compared to bulk MgO: For ultrathin films the MgO layers display a hexagonal graphitelike B K ͑0001͒ structure, where the O anions and Mg cations are coplanar and thus polarity is suppressed. Moreover, while perfect B K ͑0001͒ films are insulating, the introduction of stacking faults was found to induce metallic states in the band gap, 86 in accord with the experimental findings. 85 Another peculiar property was ascribed to the MgO͑111͒ film on Ag͑111͒ by Arita et al.: 87 According to their spin-density functional calculations a fer-romagnetic ground state has been predicted for the threelayer MgO͑111͒ system. However, whether this is an artifact of the theoretical method or reality will have to await experimental confirmation.
ZnO crystallizes in the wurtzite structure and this structure can be visualized schematically as a stack of alternating hexagonal planes of O and Zn ions along the c axis. Consequently, two polar surfaces with either Zn or O termination are possible, the ͑0001͒-Zn and the ͑0001 គ ͒-O surfaces, which have both been reported to be stable on bulk single crystals with an unreconstructed ͑1 ϫ 1͒ structure. 88 This simple bulk termination was a puzzling result because there was no obvious indication for a stabilization mechanism of these polar surfaces. A hint for the stabilization of the ͑0001͒-Zn surface was then obtained from STM measurements, where triangular nanosized islands with a size-dependent shape accompanied by triangular holes with O-terminated step edges have been observed. 89 It has been proposed that the resulting overall decrease in the surface concentration of Zn stabilizes this polar surface, and DFT calculations have confirmed the stability of the triangular-shaped structures and thereby the polarity compensation. For the O-terminated ZnO͑0001 គ ͒ surface, Wöll 90 argued that the observed ͑1 ϫ 1͒ surface is stabilized by chemisorbed hydrogen and proposed, on the basis of He atom scattering experiments, 91 that the clean surface is characterized by a ͑1 ϫ 3͒ missing row reconstruction. An interesting result was reported by Tusche et al. 92 on ͑0001͒ oriented ZnO nanolayers grown on Ag͑111͒. A new nonpolar structure has been detected for 2 ML thick films by surface x-ray diffraction and STM measurements, which has been interpreted in terms of a planar hexagonal boron-nitride type structure ͑see Fig. 6͒ . The transition to the bulk wurtzite structure occurred in the 3-4 ML coverage range and was accompanied by considerable surface roughening. 92 The formation of hexagonal planar structures of the BN ͑or graphite͒ type, as seen here for ZnO, appears to be a more general depolarization phenomenon for polar oxide layers of the MO stoichiometry. It has also been postulated for the MgO͑111͒ nanolayers on Ag͑111͒ as discussed above. 86 In this context, it is worth considering the situation of the polar FeO͑111͒ nanolayers on Pt͑111͒. 93 Up to 2-3 ML, rocksalt structure FeO layers consisting of a stack of hexagonal Fe and O planes grow on Pt͑111͒, forming a high order coincidence structure with the substrate lattice. The in-plane lattice constant of the FeO nanolayer is considerably expanded at the expense of a significant reduction in the interlayer distance, as compared to bulk FeO. 46, 59, 94 It is suggestive that this reduction in the Feu O interlayer distance is an attempt of polarity compensation, in a similar manner but less complete as in the cases of ZnO͑0001͒ and MgO͑111͒ layers. An additional compensation mechanism of polarity that may contribute to the stability of nanolayer systems is the screening of the overlayer dipole by the image dipole of the metallic substrate. Interestingly, the polar FeO͑111͒ overlayers on Pt͑111͒ are only stable for ultrathin layers, i.e., for thicknesses Ͻ3 ML, where the latter effect may be operative.
A completely different type of polar oxide layer than discussed so far above has been encountered in the phase diagram of vanadium oxides on Rh͑111͒: It consists of an oxide stoichiometry and geometry that are not related to any known bulk oxide phase. For up to 1 ML and at high chemical potentials of oxygen two V-oxide structures have been observed to grow on Rh͑111͒ with ͑ͱ7 ϫ ͱ 7͒R19.1°and ͑ͱ13ϫ ͱ 13͒R13.8°unit cells. 44 The first structure has been already introduced in Sec. III and an atomically resolved STM image is presented in Fig. 3͑a͒ ; the STM appearance of the ͑ͱ13ϫ ͱ 13͒R13.8°is shown in Fig. 7͑a͒ . The two structures coexist frequently at the Rh͑111͒ surface, as highlighted in Fig. 7͑b͒ , but can also be driven into single phase overlayers by suitable kinetic conditions. Combining highresolution STM imaging with electron spectroscopy results and extensive DFT calculations both structures have been solved consistently at the atomic scale with a common V u O structure motif: tetragonal O 4 u V v O pyramids with four basal plane O atoms in contact with the Rh substrate, the V atom in the center and the V v O group forming the apex of the pyramid, 44 as shown in Fig. 7͑d͒ . The VO 5 pyramids can be joined together in a corner sharing way to yield both the ͱ7 and the ͱ13 structures ͓Figs. 3͑c͒ and 7͑c͒, respectively͔, with unit cell contents of V 3 O 9 and V 6 O 18 , respectively. These yield formally an overall stoichiometry of VO 3 in both cases. This stoichiometry, formally not possible because of a maximum oxidation state of +5 of the V atom, is realized because charge transfer can take place from the Rh substrate into the oxide layer via the oxygen atoms of the basal plane of the VO 5 pyramids. 44 The ͱ7 and ͱ13 "VO 3 " overlayers are thus polar and charged-unfortunately no work function measurements are available yet to confirm this issue. The ͱ7 and ͱ13 phases are only stable as single monolayers and become unstable upon further V-oxide growth. At coverages beyond 1 ML they become replaced by a complex sequence of structures until the V-oxide films converge to the V 2 O 3 bulk stoichiometry, which is the thermodynamically stable phase under the conditions typical for the experiments conducted in UHV. 95 This last example illustrates that polarity may actually become a stabilizing ingredient in the formation of novel phases of oxide nanostructures on metal surfaces.
V. ELASTIC ASPECTS: STRAIN
Elastic strain plays a major role in metal-supported oxide nanostructures, where the geometric structure of the metal substrate and the chemical interface bonding often impose severe constraints on the atomic arrangement in the overlayer. Typically, the lattice constant of an oxide in its bulk form differs from that of the metal substrate and the resulting lattice mismatch may render the formation of pseudomorphic or coherent oxide/metal interfaces energetically unfavorable. This bears specific consequences on the structure, order, and morphology of epitaxially grown oxide nanolayers.
For two-dimensional ͑2D͒ systems in the monolayer regime, the elastic strain associated with the lattice misfit, the lattice site coincidence, and the degree of interaction at the interface with the substrate are competing factors, which determine the atomic details of the 2D organization. Perfect pseudomorphism is seldom encountered and its occurrence cannot be taken for granted even in systems with small lattice mismatch, such as NiO͑001͒/Ag͑001͒ and MgO͑001͒/ Ag͑001͒ ͑mismatch 2.2% and 3.1%, respectively͒. In the latter case, for example, a strained MgO͑001͒ monolayer appears to form at the early stage of deposition; 96 however, already at the completion of the first layer ͑1 ML͒ the film exhibits domains tilted by 3.9°with respect to the substrate surface ͑mosaics͒, 97 thus signaling that a homogeneous lateral compression of the overlayer is unfavorable. Moreover, substrate disruption may occur, with formation of vacancy islands and protruding Ag islands leading to a complex morphology. 98 In the case of NiO͑001͒/Ag͑001͒, conversely, a ͑2 ϫ 1͒ Ni-oxide phase is usually observed at coverages Յ1 ML. [99] [100] [101] For this ͑2 ϫ 1͒ phase a structural model similar to a distorted NiO͑111͒ surface has been proposed, 100 which is thus not related to epitaxial NiO͑001͒. The substrate is argued to play an important role in the faster rate of nucleation of the ͑2 ϫ 1͒ structure compared to ͑1 ϫ 1͒ pseudomorphic NiO͑001͒. 100 In this respect, the effect of the molecular oxygen dosage has been highlighted, 102 larger O 2 dosages resulting in preferential stabilization of the ͑1 ϫ 1͒ structure. The availability of atomic oxygen at the surface seems, therefore, to be a crucial factor in stabilizing the compressed NiO͑001͒ monolayer. In fact, a tetragonally strained 1 ML thick NiO͑001͒ film has been prepared on Ag͑001͒ employing NO 2 as a more aggressive oxidant than molecular oxygen. 103 Very recently, it has been shown that a wellordered stoichiometric NiO͑001͒ monolayer with ͑1 ϫ 1͒ tetragonally distorted structure forms on Ag͑001͒ when using atomic oxygen to prepare the oxide/metal interface. 16 The growth of a highly strained epitaxial monolayer of Ni oxide has been demonstrated on a Pd͑001͒ surface. This is surprising in view of the high 7.3% lattice mismatch between NiO͑001͒ and Pd͑001͒. In this case, however, a regular array of Ni vacancies with rhombic unit cell is formed, yielding a c͑4 ϫ 2͒ periodicity with respect to the substrate surface mesh. 30, [104] [105] [106] [107] A structural model of this c͑4 ϫ 2͒ monolayer has been derived by quantitative LEED I-V analysis 106 and confirmed by a hybrid-exchange density functional theory approach. 30, 108 It is based on a NiO͑001͒ structure with the O atoms located in atop positions above the Pd͑001͒ substrate and the Ni atoms sitting in the fourfold-coordinated hollow sites; one-quarter of the Ni atoms is missing, thus yielding a formal Ni 3 O 4 stoichiometry.
As we have briefly mentioned in Sec. III A, a c͑4 ϫ 2͒ monolayer was recently reported also for manganese oxide deposited on the same Pd͑001͒ substrate.
9,28 A MnO͑001͒-like compressed monolayer model with Mn 3 O 4 formal stoichiometry, very similar to the c͑4 ϫ 2͒-Ni 3 O 4 / Pd͑001͒ model, has been developed by standard and hybrid functional DFT methods 28, 29 and is characterized by a significant rumpling between the O and Mn sublattices, with the O atoms protruding by 0.23 Å. The pseudomorphic growth of a stoichiometric MnO͑001͒ monolayer on Pd͑001͒ is clearly unfavorable because of the very large lattice mismatch ͑14.1%͒. In this regard, the theoretical calculations have shown that the absence of Mn vacancies would prevent the atomic inplane relaxations characteristic of the c͑4 ϫ 2͒ structure, blocking a preferential channel for the release of the compressive stress, thereby inducing a much larger O u Mn buckling ͑ϳ0.5 Å͒ and a substantial weakening of the interaction between adlayer and substrate ͑the latter would result in a larger separation between overlayer and substrate͒. 29 Therefore, the vacancy formation provides the driving force for the stabilization of the highly strained metal-deficient c͑4 ϫ 2͒ monolayer. However, the higher compressive strain experienced in the c͑4 ϫ 2͒-Mn 3 O 4 / Pd͑001͒ phase relative to c͑4 ϫ 2͒-Ni 3 O 4 / Pd͑001͒, where the lattice mismatch is almost a factor of 2 smaller, is reflected in the much poorer long-range order of the former, as shown by STM imaging. 9, 28 The larger elastic strain is also consistent with the tendency of the c͑4 ϫ 2͒-Mn 3 O 4 to nucleate preferentially at the step edges of Pd͑001͒, the steps thus providing a natural route for strain relief.
The importance of the delicate balance of interfacial interactions and elastic strain is illustrated by the initial growth of FeO͑111͒ films on Pt͑111͒ ͑see Ref. 59 and references therein͒. As we have discussed above ͑Secs. III B 2 and IV B͒, at coverage of 1 ML the film has a bilayer structure, where the Fe atoms are at the interface, while the O atoms form the outer surface layer. The interlayer distance ͑0.68 Å͒ between the O and Fe layers, as determined experimentally by x-ray photoelectron diffraction, 94 is contracted by almost 50% relative to bulk FeO. On the other hand, in-plane tensile stress is associated with the lattice constant of 3.11 Å, larger than the corresponding bulk value of 3.04 Å. Due to the large misfit with the substrate ͑11%͒, a coincidence structure is observed, resulting in a Moiré pattern with periodicity of about 25 Å. 59 At increasing coverages, structural changes in the film occur and three more coincidence structures form. The latter have all expanded in-plane lattice constants ͑3.09-3.15 Å͒ and different rotation misfit angles against the platinum substrate. 59 It has been therefore suggested that the four different coincidence structures reflect lowest total energy arrangements balancing the contributions of the substrateoverlayer interface energy and the elastic energy within the expanded ͑strained͒ overlayer. Indeed, at 1 ML a strong coupling of the FeO bilayer with the substrate has been highlighted by first-principles DFT calculations, showing that a considerable rumpling is induced in the bilayer depending on the lateral registry of the interface Fe atoms relative to the underlying Pt͑111͒ surface. 74 The surface stress in ultrathin oxide films is often released through formation of defects or through preferential nucleation at defect sites in the early stages of growth. Steps constitute a common kind of defects on real surfaces and may play an active role in the relaxation of the elastic strain in an oxide overlayer, as we have briefly argued above. A deep understanding of the strain relief at steps requires systematic investigation of the oxide growth in model systems, such as vicinal surfaces, which expose regular arrays of steps. So far, however, very little research has been conducted in this field. One practical reason is the strong tendency of vicinal metal surfaces to restructure upon oxygen exposure at high temperature by nanofaceting and step bunching. 109 Nonetheless, it has been demonstrated that the growth of vanadium oxide overlayers on Rh͑15 15 13͒, vicinal of Rh͑111͒, may stabilize oxide phases, which are not observed on the parent lowindex surface. 110 In particular, a ͑2 ϫ 2͒ honeycomb structure forms on Rh͑15 15 13͒, which is not stable on Rh͑111͒. A similar ͑2 ϫ 2͒ phase was first obtained on Pd͑111͒: It has been theoretically modeled in detail ͑see Ref. 58 and references therein͒ and attributed to a honeycomb lattice of V u O hexagons, which fits exactly onto a ͑2 ϫ 2͒ mesh on Pd͑111͒ and results in V 2 O 3 formal stoichiometry. Due to the smaller lattice constant of Rh͑111͒ relative to Pd͑111͒, there is a 2.2% lattice mismatch between the Rh͑111͒ substrate and the fully relaxed ͑2 ϫ 2͒ surface-V 2 O 3 phase, and the latter is not observed on flat Rh͑111͒. In contrast, on vicinal Rh͑111͒ the step edges allow to release the surface stress locally, thus compensating for the destabilizing strain in the compressed ͑2 ϫ 2͒ phase and rendering the latter stable. 110 After completion of the first monolayer, increasing stress is produced with increasing thickness in pseudomorphic or quasipseudomorphic films. As a consequence, misfit dislocations develop at the interface to the substrate for films thicker than a critical thickness ⌰ c ; 111,112 ⌰ c typically depends on the lattice misfit, the elastic response of the film and the substrate, and the degree of interfacial interaction. The insertion of misfit dislocations allows relaxation of the film structure, thus minimizing the total energy, by formation of mosaics as qualitatively illustrated in Fig. 8 , adapted from Ref. 113 . Mosaics can be easily detected by spot profile analysis LEED, as they cause the appearance of satellite structures around the specular ͑00͒ beam. The k-space position of the satellites changes with the electron energy, thus enabling quantitative determination of the tilt angle of the mosaics relative to the macroscopic surface by determining the inclination of the associated diffraction rods. Mosaic formation has been observed during the growth of NiO and MgO films on Ag͑001͒, for which it has been shown that the critical thicknesses for introduction of misfit dislocation are 5 and 1-2 ML, respectively. 113 The area covered by mosaics increases at increasing thickness, and in parallel the mosaics flatten progressively: This results in a decrease in the tilt angle with increasing coverage, as dictated by the weakening of the displacement field of the ͑buried͒ dislocations. Small angle mosaics form also in the epitaxial growth of NiO films on Pd͑001͒. 114 Here, the progressive relaxation of the inplane lattice constant driving the mosaic formation has been measured as a function of film thickness. It has also been shown that the inclination angle of the mosaics decreases with the substrate annealing temperature, presumably due to temperature-induced rearrangements of the overlayer morphology, which heal out the mosaic deformation.
The network of interfacial misfit dislocations accompanying the developing of mosaics and the film relaxation can be revealed by combination of reciprocal-and real-space techniques, such as grazing-incidence x-ray diffraction ͑GIXD͒ and STM. In this way, for MgO͑001͒/Mo͑001͒ a dislocation periodicity of about 60 Å has been found by GIXD, which produces a square regular pattern in STM in the thickness range between 2 and 7 ML. 115 This square pattern disappears above 15 ML and an almost flat surface is obtained once the dislocations are buried far below the oxide surface. The role of the annealing temperature in promoting the relaxation process is clearly demonstrated by the fact that the dislocation network distinctly appears only above 870 K, and it releases 70% of the strain of the as-deposited films when increasing the temperature above 1070 K. Recently, the formation of a square network of buried misfit dislocations in CoO/Ag͑001͒ ͑lattice mismatch 3.25%͒ ͑Ref. 116͒ has been used to drive the self-organized growth of Ni nanoparticles into a spatially ordered array of clusters, 117 by exploiting the periodic displacement field which is created by the dislocations and extends up to the oxide surface even at a film thickness of 23 ML ͑ϳ5 nm͒. The occurrence of misfit edge dislocations has been demonstrated recently for polar CoO͑111͒ films grown on the unreconstructed Ir͑100͒ surface. 55 Here, the dislocation lines at the oxide/metal interface induce a regular modulation of the surface, which in STM appears in the form of protruding quasi-one-dimensional ͑quasi-1D͒ stripes. The resulting surface corrugation decreases progressively with the film thickness until it completely vanishes above ϳ15 ML. The epitaxial strain in metal-supported oxide films, which is gradually released with increasing thickness, may have important effects on the evolution of the physical and chemical properties. Therefore, an increasing number of investigations is devoted to the full structural characterization of strained oxide ultrathin films. This requires measuring both the in-plane and out-of-plane lattice parameters of the films, a goal which can be achieved by combining complementary techniques such as LEED, primary beam diffraction modulated electron emission, secondary electron imaging, and polarization-dependent x-ray absorption spectroscopy. For example, the tetragonal strain induced in NiO ͑Refs. 118-121͒ and MgO ͑Ref. 121͒ ultrathin films grown on Ag͑001͒ has been determined, showing that while the films are pseudomorphic at 3 ML in terms of both in-plane and out-of-plane interatomic ͑Ni/ Mgu O͒ distances, with increasing thicknesses their structure gradually relaxes to the bulk one, the transition being completed at around 20 ML for both NiO ͑Ref. 120͒ and MgO. 121 Tetragonal distortions have been also revealed in MnO films grown in reactive oxygen atmosphere on a Ag͑001͒ substrate kept at 475 K. 122 Here, thickness-dependent changes in the electronic structure were detected as a consequence of the change in local symmetry around the Mn ions, signaled by strong linear dichroism effects at the Mn L 2,3 edge. The dichroic effects vanish in MnO͑001͒ bulk, where the octahedral symmetry around the Mn ions is preserved. Again, the tetragonal strain of the thin films was found to decrease drastically upon heating to 600 K, accompanied by redistribution of MnO at the surface. This is probably consistent with a previous LEED-IV investigation on the same system by Soares et al., 123 which surprisingly did not detect any in-plane contraction of the MnO lattice even at thickness as low as 1-2 ML after annealing at 773 K.
The ability to prepare model oxide systems in a layer-bylayer fashion and to tune the interplay between epitaxial strain and oxide-support interaction by strictly controlling the film thickness and the growth conditions should, in principle, enable to study the effect of the strain on the physical and chemical properties of thin oxide films. In practice, however, it is often difficult in experimental studies to disentangle the strain-induced effects from the effects of reduced dimensionality and interface proximity. Magnetoelastic effects, namely, the relationship between strain and magnetic properties, in oxides have been highlighted in recent years. For the two tetragonally strained oxide systems NiO/Ag͑001͒ and NiO/MgO͑001͒, for which the ratio c / a between the out-of-plane and in-plane lattice parameters is c / a Ͼ 1 and c / a Ͻ 1, respectively, the strain leads to a preferential spin orientation, which is predominantly in-plane for c / a Ͼ 1 ͑Ref. 124͒ and out-of-plane for c / a Ͻ 1. 125 Such an effect was also predicted theoretically by calculations of the dipolar anisotropy energy of NiO as a function of the tetragonal strain. 126 Similarly, on CoO͑001͒ films grown on Ag͑001͒ ͑c / a Ͼ 1͒ and MnO͑001͒ ͑c / a Ͻ 1͒, the spin orientation follows the direction of the tetragonal compression so that the magnetic moments are in-plane for c / a Ͼ 1, and out-of-plane for c / a Ͻ 1. 127 Therefore, control over the sign and direction of the strain may be exploited to tailor the magnetic properties in a unique way. Note, however, that despite the similar behavior, the underlying physical mechanism in NiO and CoO is different: In the latter the interplay between strain and spin-orbit coupling plays a central role, 127 whereas in the former the spin-orbit coupling is negligible and the driving mechanism is the perturbation produced by the strain to the dipolar anisotropy. 124 Elastic strain also bears important consequences on the reactivity of oxide films. Above, we have briefly mentioned the case of growth of Ni nanoparticles on strained CoO͑001͒ films, 117 where the displacement field created by the dislocation network at the interface with Ag͑001͒ creates favorable nucleation sites. A different effect is at work in cerium oxide nanolayers on Rh͑111͒. 128 In this system, an ordered array of surface defects develops upon annealing in vacuum. By comparison between STM measurements and ab initio DFT calculations the defects are ascribed to oxygen vacancies, and their formation has been proposed to be facilitated by the lattice mismatch between oxide overlayer and substrate, the associated strain inducing a reduction in the vacancy formation energy. As a result, an array of catalytically active sites self-assembles at the oxide/metal interface.
VI. CHEMICAL ASPECTS
Here we explore the possibility to use low-dimensional oxide nanostructures supported on metal surfaces to model catalytically relevant reactions and processes. The so-called inverse model catalyst is a useful concept to study the chemical properties of the oxide-metal phase boundary and to in-vestigate the promoter effect that the minority oxide phase may exert on the reactivity of multicomponent metal-oxide catalysts. 129, 130 An "inverse model catalyst" consists of a metal single crystal surface, which is decorated with submonolayer coverages of an atomically ordered oxide structure: it contains therefore the bifunctional site properties of the metal/oxide interface. An important phenomenon affecting the structure and the catalytic performance of oxidesupported metals concerns the encapsulation of metal particles with a thin layer of the support material, which has been suggested to be at the basis of the so-called strong metal-support interaction effect. 131 We will argue that such encapsulation is a more general phenomenon since it occurs frequently when the oxide phase is in a nanolayer form.
A. Reactions on inverse model catalyst surfaces
The planar morphology of the inverse model catalyst allows one to focus on the promotional effect of the oxide/ metal interface in the chemical reaction under study. Such metal-oxide boundary effects are difficult to resolve for oxide-supported metal particles, which besides the metal/ oxide interface contain a large number of low-coordination metal sites. We will illustrate first the active role of the metal-oxide phase boundaries in promoting the CO and hydrogen oxidation reactions on a V-oxide/Rh͑111͒ surface, which have been investigated recently. [132] [133] [134] The V-oxide/ Rh͑111͒ system is very suitable for designing inverse model catalyst surfaces with morphological and structural characteristics because the latter can be finely tuned by the chemical potential of oxygen. 43 In particular, at oxygen-rich conditions 2D V 3 O 9 islands with the ͑ͱ7 ϫ ͱ 7͒R19.1°structure can be formed ͑see Secs. III B 2 and IV B͒, whose size and shape can be controlled by the substrate temperature: Lower temperatures yield smaller and less regularly shaped islands, whereas higher temperatures result typically in large and compact 2D islands ͓Figs. 9͑a͒ and 9͑b͔͒. 132 In between the oxide islands the bare Rh͑111͒ surface is covered by a layer of chemisorbed oxygen. Exposing both inverse model catalyst surfaces to CO at 300 K causes the complete removal of the chemisorbed oxygen on the surface containing the small V 3 O 9 islands ͓Fig. 9͑c͔͒, while only half of the chemisorbed oxygen has been reacted off ͓resulting in the formation of a coadsorbed ͑2 ϫ 2͒-O+ CO structure͔ on the surface with the large islands ͓Fig. 9͑d͔͒. After the reaction, a reduction in the small V-oxide islands has been observed in x-ray photoelectron spectroscopy ͑XPS͒, which occurs at the metal-oxide boundary line ͑as imaged by STM͒, whereas no structural changes have been detected for the large islands. The increased reactivity toward CO oxidation in the vicinity of the small V-oxide islands has been attributed to the large number of catalytically active low-coordination sites at their boundaries. Similar size effects have been also established for the O 2 +H 2 water reaction on Rh͑111͒ surfaces decorated by V 3 O 9 islands of different sizes, 133 which emphasizes the active role that the metal-oxide phase boundary plays in catalyzing oxidation reactions on metal surfaces.
Another example that convincingly emphasizes the active role of the metal-oxide phase boundary in catalyzing reactions on metal surfaces concerns the high activity reported for CeO x and TiO x nanoparticles supported on a Au͑111͒ surface in the water-gas shift ͑WGS͒ reaction ͑CO+ H 2 O → CO 2 ↑ +H 2 ↑͒. 135 Whereas neither bulk Au nor bulk ceria and titania are known as WGS active, Auu CeO 2 and Auu TiO 2 nanocatalysts have been reported to be very efficient for the WGS reaction. 136 Led by the desire to understand the nature of the active phase in these metal-oxide nanocatalysts, Rodriguez et al. 135 constructed inverted model catalyst systems consisting of CeO 2 and TiO 2 nanoparticles dispersed on a Au͑111͒ surface. Depending on the oxide preparation procedure the ceria nanoparticles grow as rough three-dimensional islands or as flat ͑111͒-facetted islands, which decorate the Au͑111͒ steps, as detailed in the STM images of Figs. 10͑a͒-10͑d͒ . The hydrogen production diagram, presented at the bottom of Fig. 10 , shows that the catalytic activity of the CeO 2 / Au͑111͒ and TiO 2 / Au͑111͒ catalyst surfaces reaches a maximum when about 30% of the Au surface is covered by the oxide nanoparticles. This high catalytic activity has been associated with the increase in the concentration of oxygen vacancies, as inferred from XPS measurements, which defects are most likely located near the oxide-metal phase boundaries. The DFT calculations 135 confirm that the high performance of the Au-titania and Au-ceria catalysts relies on the direct participation of the oxide/metal interface in the WGS process: CO adsorbed on gold sites leads to the appearance of O vacancies in the oxide nanoparticles located nearby, which in turn become active for the dissociation of water. 
B. Encapsulation of metals by oxide nanolayers
Oxide nanolayers on metal surfaces are suitable models to investigate the mass transport and morphology changes in catalytic systems under reaction. The changes in the catalyst morphology are often related to a wetting-dewetting behavior of the oxide over the metal phase and vice versa. We have addressed this issue by variable-temperature STM on V-oxide/Pd͑111͒ inverse model catalysts, where morphology and structure oscillations of the oxide phase have been observed in situ at the atomic level, as a result of alternating exposures of H 2 and O 2 at elevated temperature. 137 Exposing the V-oxide/Pd͑111͒ surface to reducing conditions causes a spreading of the oxide layer in the form of the s-V 2 O 3 phase over the metal surface, a phenomenon which is analogous to the encapsulation of supported metal particles with a thin oxide layer in a reduced state. Upon reoxidation the process reverses and higher-oxide island structures and bare Pd patches are re-established. The physical origin of this wetting-dewetting behavior has been explained within the framework of the surface phase diagram of the V-oxide/ Pd͑111͒ system, as derived from DFT calculations. 56, 137 The strong V-Pd bonding of the s-V 2 O 3 phase at the interface to the Pd͑111͒ surface has been shown to be the key factor for driving the reduced system into a wetting condition.
A very similar wetting-dewetting behavior was recently reported by Sun et al. 138 for FeO͑111͒ bilayers on a Pt͑111͒ surface when subjected to a high-pressure CO oxidation reaction, suggesting that such structural transformations are more general phenomena on complex multiphase surfaces. Initially, the FeO͑111͒ film covers uniformly the entire Pt͑111͒ surface but it brakes into highly dispersed FeO x ͑with x presumably Ͼ1͒ nanoparticles following the reaction with CO at 450 K under simultaneous flux of CO and O 2 . Subsequent UHV annealing above 800 K restores the original FeO͑111͒ wetting layer. To explain the observed high CO oxidation activity, the authors initially proposed that the reaction occurs at the perimeter of the FeO x particles, which provide oxygen to the CO chemisorbed on the Pt͑111͒ surface. 138 A subsequent investigation further confirmed the crucial role of the FeO x phase, but showed in a clear way that the dewetting causes the catalyst's deactivation rather than forming the most active phase for the reaction. 139 Most studies of metal-oxide interactions involve model systems of metal overlayers supported on well-defined oxide surfaces. Typically, metal deposition on oxide supports results in a three-dimensional cluster growth, which is due to the lower surface energy of the oxide surface. 140 In contrast, a two-dimensional behavior of the metal overlayer has been observed by STM experiments for Pd deposits on a Pt͑111͒-supported FeO͑111͒ bilayer. 141 The observed metal wetting has been attributed to the strong interaction between Pd and the oxide film, which arises in order to reduce the polar character of the FeO͑111͒ surface. However, subsequent studies 142, 143 have shown that upon heating in UHV there is a substantial diffusion of Pd through the oxide layer, toward the underlying metal/oxide interface, implying that the STM images originally assigned to two-dimensional Pd islands in Ref. 141 correspond instead to an encapsulating FeO layer.
We have recently investigated by STM and XPS the growth of Co overlayers on a VO͑111͒ bilayer supported on a Rh͑111͒ surface. 144 The structure of the VO͑111͒ layer has been already described in Sec. III B 2 and is identical to that of FeO͑111͒ films on Pt͑111͒, thus a similar wetting behavior can be expected for this metal-on-oxide system. Indeed our STM results ͑Fig. 11͒ have demonstrated that over a broad thickness range the Co films after heating to 670 K exhibit a 2D morphology and a Moiré structure resembling that of the underlying VO͑111͒ surface. Scanning tunneling spectroscopy data have confirmed that the Co surface is fully covered by the VO layer and XPS results have revealed that the latter segregates to the top already during the Co deposition at room temperature. It is proposed that this encapsulation process is driven by the low surface energy of the oxygenterminated VO͑111͒ bilayer surface.
In conclusion, we emphasize that model studies performed on metal-supported oxide nanolayers are important to provide a better understanding of the subtle link between the structure of the oxide/metal interface and its chemical properties.
VII. SYNOPSIS
Oxide nanostructures on metal surfaces may be regarded as a new class of artificial materials with unique and tunable properties that render them attractive systems for both fundamental studies and potential applications. New emergent phenomena of structure, stoichiometry, and associated physical and chemical behavior have been observed and new oxide phases, hitherto unknown in the form of bulk materials, have been detected in nanostructured phases. In this review we have examined aspects of atomic structure, electronics, elastic strain, and surface chemistry of metal-supported oxide nanostructures by presenting selected example systems of prototypical character. Oxide-metal surface phase diagrams, interfacial charge transfer phenomena, effects of strain due to interfacial lattice misfit, and chemical reactions on inverse model catalyst systems are among the topics that have been discussed.
The field of oxide nanostructure research is still in its early stages, and we believe many novel phenomena will be observed in the years to come. The reduction in the dimensionality from three and two dimensional to one dimensional ͑nanoscopic oxide line structures͒ and quasi-zerodimensional ͑oxide clusters or quantum dots͒ will provide a strong focus for upcoming scientific activity. The use of patterned template surfaces for nanostructure growth, such as vicinal metal surfaces with their ordered step arrays as nucleation centers for 1D oxide growth, has been shown to be a successful route for the preparation of oxide nanowires. 145, 146 The corresponding 1D oxide-metal hybrid structures are attractive model systems for nanocatalysis and we also expect increasing scientific interest in this area. The relation between dimensionality and magnetism in nanoscale oxide systems is largely unexplored up until now. We just mention that very recently 2D Mn-oxide nanolayers have been predicted theoretically to be ferromagnetic, 29 although the related bulk phase is antiferromagnetic. This prediction is awaiting experimental confirmation. We thus conclude that oxide nanosystems provide a wide open field for scientific exploration and intellectual curiosity, paired with promising potential for novel applications in the area of the emergent nanotechnologies. 
